The response of the Greenland Ice Sheet (GIS) to changes in temperature during the twentieth century remains contentious 1 , largely owing to difficulties in estimating the spatial and temporal distribution of ice mass changes before 1992, when Greenland-wide observations first became available 2 . The only previous estimates of change during the twentieth century are based on empirical modelling 3-5 and energy balance modelling 6,7 . Consequently, no observation-based estimates of the contribution from the GIS to the global-mean sea level budget before 1990 are included in the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 8 . Here we calculate spatial ice mass loss around the entire GIS from 1900 to the present using aerial imagery from the 1980s. This allows accurate high-resolution mapping of geomorphic features related to the maximum extent of the GIS during the Little Ice Age 9 at the end of the nineteenth century. We estimate the total ice mass loss and its spatial distribution for three periods: 1900-1983 (75.1 ± 29.4 gigatonnes per year), 1983-2003 (73.8 ± 40.5 gigatonnes per year), and 2003-2010 (186.4 ± 18.9 gigatonnes per year). Furthermore, using two surface mass balance models 10,11 we partition the mass balance into a term for surface mass balance (that is, total precipitation minus total sublimation minus runoff ) and a dynamic term. We find that many areas currently undergoing change are identical to those that experienced considerable thinning throughout the twentieth century. We also reveal that the surface mass balance term shows a considerable decrease since 2003, whereas the dynamic term is constant over the past 110 years. Overall, our observation-based findings show that during the twentieth century the GIS contributed at least 25.0 ± 9.4 millimetres of global-mean sea level rise. Our result will help to close the twentieth-century sea level budget, which remains crucial for evaluating the reliability of models used to predict global sea level rise 1, 8 . We use aerial stereo photogrammetric imagery recorded during the period 1978-1987 to map trimlines and lateral and end moraines associated with the maximum extent of the GIS during the Little Ice Age (LIA max ), thereby quantifying vertical changes in ice surface elevation between the LIA max and 1978-87 (Fig. 1, Methods) . To obtain a rate of ice mass loss, the year 1900 ad is assigned as a Greenland-wide time stamp of when the glaciers started to retreat from their LIA max position (although we note that this varies regionally and locally 9, 12, 13 ), and 1983 is assigned as the mean year of the aerial observations. Elevation differences after 1983 are derived from airborne and satellite altimetry, combined with a digital elevation model (DEM) developed from the aerial imagery (Methods). We use this geodetic approach to calculate spatially distributed ice thinning patterns and mass balance of the GIS for three periods (Fig. 2a-c) ; LIA max (1900) to 1983, 1983 to 2003, and 2003 to 2010. We omitted some areas of the GIS because of the lack of LIA data points (Methods).
| Three-dimensional models of Kangerlussuaq Glacier. a, Reconstruction of the LIA max ice surface at 1900. b, The 2013 ice surface. c, Close-up of the northern rim of the 2013 ice surface. The base map is Landsat 8 satellite imagery from 2013. The LIA marks a cold period during which the GIS expanded, often associated with the time interval from 1450-1850 29 . A spectacular indication that the GIS has been shrinking over the last century are the fresh trimlines, that is, the pronounced boundaries between abraded and less abraded bedrock on valley sides and fresh non-vegetated moraines close to the present glacier fronts in many areas of Greenland. Both features are considered to mark the culmination of LIA-glacial advances and to have been mainly formed during the 1700s or at the end of the 1800s 30 . 
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Figure 2a-c illustrates the annual mass balance for the three periods. We calculate a net mass loss of 6,233 ± 2,436 Gt (75.1 ± 29.4 Gt yr −1 ) between the onset of glacial retreat from the LIA max position (which we take to be 1900, as defined above) and 1983 (Fig. 2a) . In northwest Greenland, where the majority of the ice sheet discharges through marine outlet glaciers, we find substantial and widely distributed thinning, leading to a mass loss of 27.6 ± 6.2 Gt yr −1 , corresponding to 37% of the total mass loss ( Table 1) . In west and southwest Greenland, we find peripheral thinning concentrated near the two large marine outlet glaciers Jakobshavn Isbrae and Kangiata Nunata Sermia. Substantial changes also occurred at the land-based glaciers Frederikshåb Isblink and Qassimiut Lobe, the latter being intersected by relatively small fjords draining its eastern part. Along the southeast coast, a region dominated by large marine outlet glaciers, thinning was extensive, in some areas propagating almost to the ice divide, causing a mass loss of 30.6 ± 4.5 Gt yr −1 (41% of the total). Here two of the largest outlet glaciers in Greenland 3 , Kangerlussuaq Glacier and Helheim Glacier, show distinctly different patterns, with Kangerlussuaq Glacier being the single largest point source of mass loss (10.6 ± 1.2 Gt yr ), accounting for 14% of the total ice sheet mass loss during this period, while Helheim Glacier appears to have been near balance (mass gain equivalent to mass loss), despite the fact that front positions reveal a considerable inter-period variability 9,14 of about 9 km. In east, northeast, and north Greenland thinning is less extensive and in some areas the ice margin remains at or very close to its LIA max position, which in northern Greenland may be attributed to the confining effect of semi-permanent fjord ice on ice discharge 15 . The inference of persistent mass loss of the GIS since LIA max may challenge the assumption of a near-balance ice sheet during the 1961-1990 period that is generally invoked to partition recent mass loss (that is, determine mass loss either by surface processes or ice discharge), and thus a failure to acknowledge mass loss during the reference period can result in overestimating the recent ice mass lost owing to surface mass balance (SMB) and ice dynamic processes 16 . We calculate a total mass loss of 1,475 ± 809 Gt (73.8 ± 40.5 Gt yr (Fig. 2b) . In general, peripheral ice thinning was less widespread and many of the largest outlet glaciers showed a decreasing mass loss (Table 1) . During this period, 83% of the total mass loss occurred in the northwest and southeast while Jakobshavn Isbrae alone accounted for 6%, indicating that loss in the remainder of the ice sheet was limited. Interestingly, a comparison of our estimate with studies that have higher temporal resolution suggests that most of the overall, ice-sheet-wide mass loss that we record during 1983-2003 occurred in the late 1990s and early 2000s 17 following a more stable period in the 1980s 3 .
Between 2003 and 2010, we estimate a mass loss of 1,305 ± 132 Gt (186.4 ± 18.9 Gt yr −1 ), based on the ice mask we employed (Fig. 2c) ; when we used the same ice mask as ref. 18 (Methods, Extended Data Fig. 3 ) we obtain a mass loss of 250.1 ± 21.2 Gt yr −1 , which is comparable to other studies 2, 17 . We find that 2003-2010 mass loss not only more than doubled relative to the 1983-2003 period, but also relative to the net mass loss rate throughout the twentieth century. This latter observation corroborates other studies which have inferred accelerated mass loss in the early twenty-first century relative to the late twentieth century 3, 5, 19 . Many areas currently undergoing changes are identical to those which underwent considerable thinning throughout the twentieth century, with the exception of Helheim Glacier and the Nioghalvfjerdsfjorden Glacier (Fig. 2a-c) . Consequently, comparing the twentieth-century thinning pattern to that of the last decade, and assuming a similar warming pattern, we suggest that the overall present mass loss pattern will persist for mass loss in the near future, at least until major marine outlet glaciers become land-terminating; though this may be biased because recent observations from northeast Greenland suggest a considerable acceleration in mass loss from Nioghalvfjerdsfjorden Glacier, following at least 20 years of dormancy, and from the Zachariae Isstrøm glacier 18 . To assess the SMB and ice dynamic components of the twentiethcentury mass balance we use updated SMB estimates from ref. 10 ( Fig. 2d-f) , which have been refined by implementing a more physically based meltwater retention scheme, and calibrating for better agreement with RACMO2.1/GR 11 during the period 1960-2012 (Methods). The ice dynamic residual is calculated by subtracting surface lowering caused by SMB processes from the reconstructed total mass balance ( Fig. 2g-i ) and is largely similar to the SMB pattern, though with positive values in the ablation zone and negative values in the accumulation zone. This general pattern is suggestive of an ice sheet close to balance; however, the residual also includes elevation trends due to forcing that is not included in the SMB model we employ. Perhaps unsurprisingly, we find a large dynamic contribution to the mass balance in the southeast and northwest, both dominated by marine-terminating glaciers, whereas in other regions the landterminating ice sheet margin exhibits a positive dynamic mass contribution to compensate for the lowering of the ice surface due to SMB processes. Our results suggest that variability of the dynamic term of the GIS mass balance during the three intervals, which are LIA max (1900)-1983, 1983-2003 and 2003-2010 , is less than its associated uncertainties (Fig. 3a) . Previous results have attributed the mass loss in 2000-2008 equally to decreasing SMB and to increasing discharge 20 , while estimates for more recent periods suggest that decreasing SMB is becoming the dominant driver for increasing mass loss 18, 21 . Here we find that although short-term dynamic variability may affect the mass balance 18, [21] [22] [23] , on a centennial timescale the dominant driver for changes in the GIS mass balance so far appears to be variability in SMB (Fig. 3a) .
The temporal variability of the mass balance during the twentieth century is computed as the difference between the updated SMB Estimates of mass balance derived using the geodetic approach, the revised SMB estimates from ref. 10 , and the dynamic residual of the GIS and the individual regions. Units, Gt yr −1 .
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estimates of ref. 10 and modelled ice discharge derived as a function of runoff 5, 24 , using a 6-year trailing mean, and ice discharge data from ref. 21 (Methods) . During the period LIA max (1900)-2010 we find a mass loss of 10,071 ± 8,580 Gt, which, despite the use of a smaller ice mask, is slightly higher than that of ref. 5 . Although this ancillary temporal mass balance method is particularly sensitive to the ice discharge proxy employed, we find good absolute agreement with the mass loss of 9,013 ± 3,378 Gt found using the geodetic method presented above; this adds constraints and confidence to the results presented here.
Our temporal mass balance method suggests considerable variability in the mass balance during the twentieth century (Fig. 3b) . The greatest negative mass balance rates occurred during the late 1920s and early 1930s, a period during which the rate of air temperature increase was higher than during the past decade 14, 25 , and which also coincides with extensive glacier retreat in southeast Greenland 14 . Following substantially lower or even nearly zero negative mass balance rates during the 1940s, our model results suggests mass loss rates during the 1950s and 1960s that are similar to those observed during the late 1990s and the early twenty-first century 17 . In the period covering the 1960s to the 1980s our results are comparable to other modelling results that generally suggest net mass loss during the 1960s and an ice sheet near balance during the 1970s to 1980s (ref. 3) .
In the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 8 , the twentieth-century global-mean sea level (GMSL) budget was assessed by comparing estimates derived from tide-gauges against observations of the different contributors, leading to unassigned residual sea level rise during 1901-1990. However, in ref. 8 , no observational records of the contribution from GIS or the Antarctic Ice Sheet before 1993 are included. The failure to close the GMSL budget for the period 1901-1990 has been attributed to underestimation of the individual contributor factors, including the polar ice sheets 1, 8 . A recent study recalculated the twentieth-century GMSL using a probabilistic technique only to find a considerably lower rate of twentieth-century GMSL rise before 1993, thus closing the budget without including contributions from the polar ice sheets 26 . However, our results show that during the twentieth century the GIS contributed substantially to GMSL rise (Fig. 3c) .
In particular, the geodetic approach that is based on observations from aerial imagery, which indicates considerable thinning along the margin of the ice sheet, is regarded as a conservative minimum estimate of mass loss (Methods). We find using the geodetic approach a total mass loss of 9,013 ± 3,378 Gt from LIA max (1900) to 2010, equivalent to 25.0 ± 9.4 mm of GMSL rise, and a mass loss of 10,071 ± 8,580 Gt (equivalent to 28.0 ± 23.8 mm GMSL rise) using our temporal mass balance method, and thus our results suggest that the GIS has contributed significantly to the twentieth-century sea level budget. Combining our geodetic-based results with recent GMSL reconstructions [26] [27] [28] shows that in 1900-1983 the contribution from the GIS to GMSL rise ranged between 11% and 17%; in 1983-2003 it ranged between 10% and 16% and in 2003-2010 it ranged between 11% and 18% (Fig. 3d) . Using the same ice mask as ref. 18 we find that during 2003-2010 the contribution to sea level rise ranged between 15% and 24%.
Thus far, any attempt to reconstruct long-term surface elevations beyond the scope of individual outlet glaciers has been prevented by the lack of a suitable Greenland-wide elevation model that would allow accurate observations of moraine and trimline heights representing the maximum ice sheet extent during the LIA. Our study provides 110 years of spatial and temporal mass balance of the GIS and in addition centennial estimates of the SMB and dynamic terms of the mass balance. Finally, our conservative, observation-based results, showing considerable mass loss during the twentieth century from the GIS, minimize the unassigned residual GMSL rise during . This will help to close the twentieth-century GMSL budget, which is crucial for evaluating the reliability of modelling contributions to past sea level rise, and hence for increasing confidence in projections of sea level rise 1, 8 . Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 

METhOdS
Elevation changes between LIA max and 1978-87 are derived from direct observations of LIA max moraines and trimlines and the ice surface in vertical stereo photogrammetric imagery recorded during 1978-87. Changes are extrapolated to the ice sheet interior using a scale-value approach based on aerial and satellite altimeter data from the period 2003-2010, with site-specific interpolations in 82 basins around the ice sheet. The same scaling approach is used to derive changes from 1978-87 to 2003. For the entire LIA max -2010 period we use annual estimates from a SMB model 10 to quantify mass balance processes and to assess temporal variability of the mass balance components through time. In-depth descriptions of the methods used are provided below. Geometric approach to derive surface elevation changes. Previously, mass balance estimates of the entire GIS have been based on modelling efforts that rely on empirical relations between SMB and ice discharge [3] [4] [5] or energy balance modelling 6, 7 . Geometric approaches have been applied to Jakobshavn Isbrae 12 , outlet glaciers in Patagonia 31 , and land-terminating glaciers on James Ross Island, Antarctic 32 , by mapping trimlines and lateral and end moraines. These studies, however, focus on single-outlet glaciers from the GIS, smaller ice caps, or small isolated glaciers, respectively. Each study used varying methods to account for elevation changes at higher elevations inland, for example, finding upper boundary changes by vertical shifting of the contemporary equilibrium line altitude based on lapse rate temperature reconstructions 31 , or by the vertical difference between trimlines and ice surfaces to provide elevation offsets and thereby estimate mass loss 32 .
Here, we outline the geometric method we deployed that allows us to translate point observations of former ice margin position to an ice-sheet-wide mass balance. The height of an equilibrium glacier or ice sheet profile can be expressed as (see, for example, ref. 33):
where H is the surface elevation at the ice divide, L is the length of the ice sheet profile, h is the surface elevation at distance x from the ice divide, and the exponent n is a constant. This relation assumes no sliding, a flat bed, uniform accumulation, and constant flowband width. Here, we apply it to show that by using elevation changes between time t1 and time t2 it is possible to estimate elevation changes during another period, for example, time t1 and time t3, or to extend the estimate further, for example between time t3 and time t4, by scaling elevation changes of the known period. Subsequently, the approach is assessed using observations at three main outlet glaciers in Greenland: Kangerlugssuaq Glacier, Helheim Glacier, and Jakobshavn Isbrae. However, first we consider three ice surface profiles h, from the ice divide to the ice margin, using typical values for the GIS. Each surface elevation profile represents one of the time steps t1, t2 and t3. The glacier length from the icedivide L is in this example x = 200,000 m at t1, and changes by 1,000 m for each time step, while the ice divide height H is kept constant at 3,300 m, and the exponent n is set to 3 (Extended Data Fig. 1a) . We simulate surface changes by changing the glacier length L (this corresponds to advance or retreat of the ice margin), and thus surface elevation changes at x are governed by the total length of the ice profile. In our example, the ice retreats from the initial time step t1 by 1,000 m and the ice surface lowers at t2. Next, we predict the ice profile at t3 by applying a scale-value and define the predicted profile 3 (h pre_t3 ) (Extended Data Fig. 1b) as:
where S is a constant.
Comparing the elevation changes between h t1 and h t3 (dh t1t3 ) and those between h t1 and h pre_t3 (dh t1t3_pre ), derived using equation (2) and an S-value of 2.2, shows overall agreement, though also differences near the margin (Extended Data  Fig. 1c) . However, here the surface profile h t1 is part of both the input and of the output. To generate a predicted difference where the same timestamp (for example, t1) is not incorporated in the input and the output, the S can be altered and an 'independent' dh estimate may be calculated. Here, h t2 − h t1 (dh t1t2 ) and an S-value of 1.2 simulates dh t3t4_pre , which shows overall agreement with h t3 − h t4 (dh t3t4 ), but again also differences near the margin (Extended Data Fig. 1d) . Nevertheless, it implies that if dh t1t2 and dh t3t4 are both known the constant S can be derived as the ratio between these values.
Extended Data Fig. 1e shows the difference between profile h t3 and h pre_t3 using a constant S. Over large parts of the profile the difference is small (<1 m), however, near the margin differences increase to tens of metres. We use the difference as an expression of the constant S and denote it σ Smeth (and include it in our mass balance uncertainty calculations). Extended Data Fig. 1f shows change in elevation (in metres) between two timestamps as a function of surface elevation. Thinning is largest at lower elevations, but drops rapidly and become close to 0 at h > 2,500 m.
We note that, considering the differences near the margin (Extended Data  Fig. 1e ), the profile approach employed does not work (well) near the terminus of marine-terminating outlet glaciers. As discussed in Methods section 'Uncertainties and conservative mass balance estimates' , however, we use an ice mask derived from aerial images recorded during 1978-87, and thus the large differences between simulated and predicted surface profiles, that is, σ Smeth , (Extended Data Fig. 1e ) and large elevation changes (Extended Data Fig. 1f ) at low elevations are not included in the estimate of the period between LIA max (1900) to 1978-87.
The approach presented here is founded in the relation in equation (1), for which certain assumptions are made. These assumptions are violated for a large part of the ice sheet. For instance, basal sliding is considerable near marineterminating outlet glaciers, which combined drain 88% of the ice sheet, and over the majority of the entire ice sheet basal-sliding motion dominates over internal deformation 34 . Extended Data Fig. 2 provides three examples where we apply our approach to major marine-terminating outlet glaciers. Here, we compare elevation changes derived using our scaling approach with elevation changes derived from the DEM (see Methods section 'Photogrammetric DEM 1978-87') and 2003 NASA Airborne Topographic Mapper (ATM) flight lines 35 . We find good agreement (within uncertainties) between the observed and predicted elevation change rates. The examples in Extended Data Fig. 2 illustrate the validity of our approach in fast-flowing areas, where basal sliding is considerable, the bed is not flat, the accumulation is non-uniform, and the width of the flowband is not constant, that is, where the assumptions of the relation in equation (1) . Using SMB fields from RACMO2.1/GR output 11 the elevation change due to firn compaction is calculated 18, 42 and subtracted from the total elevation change (dh [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] ), thereby yielding an elevation change due to solid ice changes (dh solid ) on a 1 km × 1 km grid.
As part of our calculation, we divide the ice sheet into drainage basins (Extended Data Fig. 3 ). Here, we use the drainage basins from ref. 44 divided into sub-basins and we include additional areas around the ice sheet margin, yielding a total of 82 basins. Some areas on the southeast coast were omitted due to the lack of LIA input data, mainly caused by extensive snow cover at the time of acquisition of the aerial stereophotographs. Additionally, we use the Randolph Glacier Inventory, version 3.2 (ref. 45 ) to exclude glaciers not connected to the ice sheet and those only weakly connected, RGIFlag CL0 and CL1, respectively. Measuring LIA elevations from aerial photographs. To detect ice surface elevation changes from LIA max to 1978-87 we use aero-triangulated vertical stereo photogrammetric imagery recorded during 1978-1987. The images were recorded between late July and mid-August from an altitude of 13,500 m to a scale of 1:150,000. They are part of a larger collection of images covering the entire ice-free part of Greenland, processed at the Anthropocene and Quaternary Research Group of the Centre for GeoGenetics, Natural History Museum of Denmark.
The aerial photographs were processed in the SOCET SET 5.6. software package written by BAE Systems using GR96 aero-analytical triangulated control points surveyed with GPS and provided by The Danish Geodata Agency 46 , a part of the Danish Ministry of Energy, Utilities and Climate. The processed aerial photographs allow us to survey trimlines, ice margins and moraines outlining Letter reSeArCH the LIA max in three dimensions with high accuracy. In the survey two types of points have been defined and measured: type1, trimline or lateral moraines; and type 2, an active front.
Each of these types contains two surveyed data points: LIA max and the 1978-87 position and elevation of the ice margin (Extended Data Fig. 4 ). For type 1 the LIA max extent is determined from the trimline between the non-eroded and the freshly ice scoured bedrock or lateral moraines 9 . Type 2 determines the position of end moraines or other geomorphic evidence of recent glacially overridden landscape.
The data type distribution is illustrated in Extended Data Fig. 5a while Extended Data Fig. 5b illustrates the elevation difference at 3,003 points between LIA max and 1978-87 derived from 6,006 manual point measurements.
The elevation differences derived from the three-dimensional stereophotogrammetric single-point survey (dh LIA values) are assigned an uncertainty of 1 m as almost all systematic error affecting the triangulation of the images is eliminated 9 . Moreover, since the LIA max extent is mapped on the 1978-87 images we can ignore post-depositional effects on the moraines and glacial isostatic adjustment correction 9 . LIA max to 1978-87 mass balance. The ice mass balance since the LIA max is calculated by scaling dh LIA values to the elevation changes between 2003 and 2010 (dh solid ). We use the dh LIA points at outlet glaciers of variable sizes (landand marine-terminating) as well as other areas of the ice margin to determine the scale value (S LIA ), derived as the ratio between the point-based dh LIA and dh solid of the closest grid cell. This implies that the shape of the ice profiles for different timestamps is not (directly) used; rather, we use dh point values that show the point-based thinning pattern along the periphery to derived the ice-sheet-wide thinning pattern. Subsequently, the S LIA values found for each glacier are interpolated using the weighted mean to a regular 1 km × 1 km grid for each of the 82 calculation basins (Extended Data Fig. 3 ). For each grid point we predict an S value and assign an uncertainty, σ S(LIA_rms) , based on the root mean square of the predicted values within the basin. However, the total uncertainty σ S(LIA) of S values has to account for the σ S(meth) (see Methods section 'Geometric approach to derive surface elevation changes'). Thus for each grid point i we obtain: 
where i represents each cell on a regular 1 km × 1 km grid. By using dh solid , which includes changes in elevation due to firn compaction, we thereby obtain estimates of the mass balance.
To each value of dh LIA we assign uncertainty as follows:
The calculation allows us to ignore the actual timing of the maximum extent during LIA because it is mapped on the 1978-87 images, thereby making it directly applicable to derive ice net mass balance between LIA max and 1978-87. However, to obtain a rate we assign 1900 as a Greenland-wide time stamp of when the glaciers started to retreat following the LIA, although we note that there is regional and local variability 9, 12, 13 , and use 1983 as the average year of the aerial imagery. Photogrammetric DEM 1978-87. We produced a 25 m × 25 m digital elevation model (DEM1978/87) using the vertical stereo photogrammetric imagery recorded during 1978-1987 following a standard approach 18, 22 . The DEM is processed into WGS84 ellipsoid heights, directly comparable to ICESat, ATM, and LVIS data.
Our validation methodology is based upon co-registration methods that relate the three-dimensional co-registration vector between two elevation surfaces to terrain slope α and aspect ψ (refs 47 and 48). The co-registration parameters are determined by robust least-squares minimizations of stable terrain elevation changes between the DEM tiles and ICESat 36 (dh) using:
where a and b is the magnitude and direction, respectively, of the horizontal co-registration vector and c is the mean vertical bias between the two elevation data sources.
We perform the co-registration on a 50 km × 50 km grid over all the DEM. All slopes less than 5° are removed and a curvature filter is applied to remove regions where resolution variation between the data sets may cause spurious elevation differences.
The co-registration parameters are generally less than 15 m horizontally and less than 10 m vertically. At the 1σ confidence level, the aero-photogrammetric DEM has an accuracy of 10 m horizontally and 6 m vertically while the precision is better than 4 m (Extended Data Fig. 6 ). We note that the 6 m vertical accuracy of the DEM is different from the 1 m uncertainty related to dh LIA The merged ATM and ICESat data cover outlet glaciers of variable size and termination regime. At these data points, elevations from the 1978-87 DEMs are extracted, although we remove interpolated DEM surfaces using a reliability mask 18 , an output produced during DEM production. The point-based difference between the ATM/ICESat measured surface elevation and the DEM elevation is dh 80s-10 . To accommodate issues related to large differences between simulated and predicted surface profiles (see Methods section 'Geometric approach to derive surface elevation changes') we use point observations only up-glacier from the terminus, though the distance varies for individual outlet glaciers with the location of available ATM and ICESat data.
Next, we derive the S 80s-10 value as the ratio between the point-based dh 80s-10 and a dh solid value extracted from the 1 km × 1 km grid using bilinear interpolation between grid cells. The S 80s-10 values are subsequently interpolated using a weighted mean to a regular 1 km × 1 km grid. Thus for each grid point we predict a S value and assign an uncertainty, σ S(80s-10_rms) , based on the root mean square of the predicted values within the basin. However, the total uncertainty σ _ S s 80 10 of S values has to account for the σ S(meth) (see Methods section 'Geometric approach to derive surface elevation changes'). Thus, for each grid point i we obtain: where i represents each cell on a regular 1 km × 1 km grid. To each value of dh 80s-10 we assign an uncertainty of: (9) and n is the number of points covering the basin, region, or entire ice sheet being considered.
We regard the derived mass balance estimates between LIA max and 1978-87 as conservative for a number of reasons. First, when calculating mass balance we are limited by the spatial extent of our ice mask, which implies that mass loss between the boundary of the ice mask (based on the ice extent derived from the 1978-87 aerial images) and the maximum extent of the glaciers during the LIA is not included. This zone of non-included ice loss is largest near marine-terminating glaciers. For example Jakobshavn Isbrae retreated by about 20 km between LIA max and 1978-87, while Kangerlussuaq Glacier and Midgaard Glacier retreated by about 12 km and about 20 km, respectively, during the same period. Here, the outer parts of the glaciers may have been afloat during the LIA and would already then Letter reSeArCH have contributed to GMSL rise, while only mass loss up-glacier from the LIA max grounding line would contribute to post-LIA sea level rise. As the extent of the ice mask is not identical to the LIA max grounding line we cannot capture the mass loss between these two.
Second, owing to the lack of LIA data on the southeast some areas are excluded, and so are glaciers not connected to the ice sheet and those only weakly connected, RGIFlag CL0 and CL1, respectively 45 . This may lead to a smaller mass balance estimate for the different periods; for example we estimate a mass loss of 186.4 ± 18.9 Gt yr −1 for the period 2003-2010, while using the same ice mask as ref. 18 we arrive at a mass loss of 250.1 ± 21.2 Gt yr −1 . Third, propagation of thinning at the ice margin towards the interior is not incorporated in the present model, as we use a scaling approach based on pointbased thinning observations at the periphery of the ice sheet to estimate the mass balance. Model experiments suggest that mass loss at lower elevations would propagate inland and cause interior thinning on decadal timescales and continue inland even if mass loss at the ice margin ceases 49 . For all three periods we calculate a mass gain in the interior of the ice sheet, which since 1993 has also been identified by others [50] [51] [52] . Verifying mass gain in the interior for the period LIA max to 1978-87 (1983 ). Even though the individual contribution of the abovementioned assumptions to mass loss may be considered minor, the combined effects may be considerable. However, given the limitations in the present model configuration and lack of observations to constrain the behaviour of the interior mass balance, we favour the conservative estimate presented in this paper and emphasize that it should be regarded as a minimum contribution from the GIS to GMSL rise during the period LIA max to 1978-87 (1983) . SMB modelling. The near-surface air temperature T and the land-ice SMB (that is, total precipitation minus total sublimation minus runoff) reconstruction of ref. 10, spanning 1840-2012 , is calibrated to RACMO2.1/GR output 11 . The calibration is important because SMB fields from RACMO2.1/GR are used as input to convert total elevation during 2003-2010 (dh [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] ) into elevation change due to solid-ice changes (dh solid ) using a firn-compaction model (see Methods section '2003-2010 elevation changes from air-and space-borne laser altimetry'). Thus, because we use dh solid to calculate mass balance estimates during LIA max -1983 and 1983-2003 , it is critical that the two SMB models are comparable when assessing the components of the twentieth-century mass balance. Furthermore, owing to sharply decreasing ice core data availability after 1999, from which snow accumulation is derived in the SMB model of ref. 10, the model incorporates precipitation fields from RACMO2.1/GR. The calibration of T and the SMB components excluding snow accumulation employs a 53-year overlap period , whereas snow accumulation is calibrated during the 1960-1999 period. The calibration employs linear regression coefficients at each 5-km grid cell that match the multi-year average of the reconstruction with that from RACMO2.1/GR. Prior to calibration the RACMO2.1/GR data are resampled/reprojected from their native 0.1° (~ 11 km) grid to the 5-km grid employed by ref. 10 . A 5%-8% correction is applied in SMB totals to account for the 5-km polar stereographic grid cell area variation with latitude.
Refinements are applied to the original SMB reconstruction 10 as follows. SMB anomalies drift between the reconstruction and RACMO2.1/GR by up to 600 Gt as compared to a total mass flux of 24,000 Gt, suggesting a drift uncertainty of 2.5%. In the pre-1960 period, cumulative uncertainty may be larger. Temporal variability of the mass balance. To assess the variability of the mass balance during the twentieth century we use an approach similar to that of other studies 3, 5, 24 . Here iceberg discharge is estimated using a linear regression between reconstructed meltwater runoff from revised SMB estimates from ref. 10 and estimates of ice-sheet-wide iceberg discharge, spanning 2000-2012 (ref. 21) . We find a peak correlation (r = 0.87; P < 0.01; degrees of freedom = 12) between annual iceberg discharge D and six-year mean meltwater runoff R 6 , calculated from the five years preceding, and including a given year. D M is modelled ice discharge in gigatonnes per year and is calculated as follows:
266 11 M 6 This is similar to employing a correlation between five-year lagging meltwater runoff and annual iceberg discharge 24 . We use the discharge estimates of ref. Fig. 7) . Uncertainties related to the temporal mass balance method are calculated using Monte Carlo simulation (see Methods section 'Estimating uncertainties using Monte Carlo simulation'). Estimating uncertainties using Monte Carlo simulation. We implement a Monte Carlo uncertainty approach that accounts for the interaction of uncertainties in mass balance components 5 . The residual root-mean-square differences between revised SMB estimates from ref. 10 and RACMO2.1/GR are increased by 50% to form a conservative uncertainty estimates given that the absolute uncertainty may be larger than the calibration root-mean-square difference. The postcalibration root-mean-square difference for runoff is increased by 50% yielding an assumed conservative uncertainty of 24.9%. That for accumulation is 8.0% and that for SMB is 22.5%. These are relative uncertainties between RACMO2.1/ GR and revised SMB estimates from ref. 10 . Absolute uncertainty is evaluated relative to field data.
Because iceberg discharge is a function of runoff, the runoff uncertainty is propagated through Eq. (11) to estimate iceberg discharge uncertainty. The temporal mass balance uncertainty is estimated as 78 Gt yr . Extended Data Fig. 8 
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Extended Data Figure 1 | The dh calculation scheme. a, Three simulated ice surface profiles based on Glen's flow law, each representing time steps t1 (blue dots), t2 (red dots), and t3 (black dots). b, The same profiles as in a supplemented with the predicted profile h pre_t3 (grey line) derived using an S value of 2.2. The figure shows agreement between the profile h t3 and h pre_t3 ; hence, if we know the elevation change during one period (for example, t1 and t2), then it is possible to obtain the elevation change during another period (for example, t1 and t3) by multiplying with a constant S. c, The elevation changes between t1 and t2 (dh t1t2 , blue line) and between t1 and t3 (dh t1t3 , brown line). The black dots are the elevation changes between t1 and the predicted surface profile h pre_t3 derived using the elevation change between t1 and t2 and an S value of 2.2. The predicted difference (dh t1t3_pre ) between t1 and t3 is derived from dh t1t2 and a constant, implying that the surface profile at t1 is part of both the input and of the output. d, dh t1t2 (blue line), the elevation changes between t3 and t4 (dh t3t4 , dark green line), and the predicted dh t3t4 (dh t3t4_pre , black dots), which is derived using dh t1t2 and an S value of 1.2; thus none of the ice surface profiles are part of both the input and output. If both dh t1t2 and dh t3t4 are known then S can be derived as the ratio between the observations. e, The uncertainty between the profile h t3 and h pre_t3 using a constant S. Generally the differences are small, though they increase near the margin. f, The elevation change between two time steps as a function of elevation. Changes are largest at lower elevation and become close to 0 at h > 2,500 m. Comparing the elevation change rates derived from the scaling approach and those directly from the observations, we find good agreement as the error bars overlap. Thus, we regard the illustrated comparison as a validation of our method of deriving ice-sheet-wide mass balance estimates.
